Introduction
Aluminum nitride (AlN) is known as one of the most promising functional materials owning to its excellent properties such as high thermal conductivity (∼320 W/mK), high electrical resistance (> 10 10 Ω·cm), wide band gap (6.2 eV), low dielectric constant (8.6) , and low thermal expansion coefficient (4.2 × 10 -6 /K) matches to silicon semiconductor. 1) Therefore, AlN is widely used in fabrication of electronic substrates, packaging materials for integrated circuits, heat sinks and field-emission displays.
2), 3) The one-dimensional (1-D) nanostructures of AlN are expected to exhibit better properties than conventional polycrystalline AlN because of their unique physical properties and potential applications in nanodevices. 1),4), 5) 1-D AlN nanostructures (nanofibers, 6) nanowhiskers, 7) nanowires, 8 )- 10) nanotubes, 11) nanotips 12) and nanobelts 13) have been synthesized by several methods, including chemical vapor deposition, carbothermal reduction reaction and direct nitridation of Al powders.
Combustion synthesis (CS), also known as self-propagating high temperature synthesis (SHS), is considered to be an economical approach for the production of pure AlN powder.
14),15) It involves the direct nitridation of metal aluminum, which is a typical exothermic reaction as follows:
The heat evolved sustains the reaction so that no extra energy is needed except the small amount used for initiating the reaction and the reaction is completed very quickly within seconds. Because of the characteristics of high combustion temperature and fast reaction rate, CS is advantageous in purifying the product. However, it is difficult to control the product morphology because of the inherently disadvantages of the CS process, such as poor controllability and unavoidable thermalgradient. In order to solve this problem, several efforts have been devoted by careful selection of combustion parameters such as nitrogen pressure, 16) starting powder morphologies, 17) amount and type of diluents, 18) , 19) and oxide additives. 20),21) Various morphologies of the synthesized AlN products have been developed, such as fine particles, whiskers and nanofibers. However, as far as we know, studies on the preparation of rodlike AlN nanopowders by CS process have not been reported yet.
In this paper, novel rod-like AlN nanoparticles were prepared by CS using MgO as a promoting additive. The growth mechanism of the nanorods has been studied and the role of MgO additive on the development of nanorods has been discussed though a growth model.
Experimental procedure
The starting powders were high-purity Al (> 99.9%, ~23 μm, Toyo Aluminum K. K., Tokyo), AlN diluent powder (type H, > 99.9%, ~0.5 μm, Tokuyama K. K., Hino, Tokyo), and MgO additive (> 99%, ~2 μm, Nacalai Tesque, Inc., Kyoto). Figure 1 shows the morphological characteristics of Al and AlN powders. The reaction charge was composed of Al, AlN (Al/AlN = 40/60 mol%), and promoting additive of MgO (5 mass%). The content of AlN diluent (60 mol%) in the reaction mixture was chosen according to a previous study for the relationship between Al molar ratio and nitrogen pressure on the yield and properties of AlN product.
16) The powders were mixed using mortar and pestle for 10 min and then sieved through a 212-μm mesh to disperse any large agglomerates. 50 g of the mixed powder was packed into a porous graphite container (42 mmφ × 90 mm H) at the bulk density of 0.6 g/cm 3 by tapping the container. The graphite container was then placed into the combustion chamber. Two W-Re thermocouples (insulated with 3-mm Alumina tubes and connected to a data acquisition system) were
inserted into the center of the mixed powder (one at the middle and the other near the top surface) at a fixed distance of 30 mm and used to record the temperature-time pattern of the combustion and determine the combustion speed by measuring the time lapsed for the wave passage between the two thermocouples. The chamber was evacuated and subsequently filled with high-purity N2 gas (99.99%) up to 1 MPa pressure. Then the mixed powder was ignited from the bottom with an ignition pellet (2 g, Al/AlN = 1/1 mass%) by passing an electric current of 60 A × 20 V for 10 s through a carbon ribbon under the pellet. The combustion reaction was completed in about 4 min and the chamber was then cooled to room temperature in about 30 min. The product phases were identified by X-ray diffraction (XRD; JEOL, JDX-3530, Tokyo) using Cu Kα radiation. The morphology of the as-synthesized powder was observed by field emission scanning electron microscopy (FE-SEM; ERA-8800, ELIONIX, Tokyo) equipped with energy-dispersive X-ray spectroscopy (EDX) for chemical analyses. Samples for SEM observations and EDX analyses were coated with thin films of sputtered gold to reduce electrical charge-up. Figure 2 shows the typical temperature history during the CS reaction of AlN. The reaction can be divided into three steps: fast-heating step (I), mild-heating step (II) and cooling step (III). It can be seen that: In step (I), the temperature quickly increased up to 1680°C after ignited only about 8 s, and the average heating rate was higher than 210°C/s. In step (II), the temperature increased gradually to the apex about 2030°C, in 20 s. In step (III) it lasted 119 s from the apex to 1400°C. By measuring the time lapsed for the wave passage between the two thermocouples (about 19 s), the speed of the combustion reaction was 1.58 mm/s. The fast-heating (step (I)) and long-afterburning (Step (II) and (III)) stages (illustrated in Fig. 7 ) resemble the process of synthesizing AlN nanowires by arc discharge process. 22) During the arc discharge process, Al vapor was generated from a metal Al anode by fast-heating under accelerated electron bombardment, and then reacted with nitrogen gas in high temperature. So, one can predict that the growth of 1-D AlN nanostructures might be significantly promoted under the present condition. 
Results and discussion
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combustion reaction (Fig. 4(b) ). Figure 5 shows two types of growth-substrates for the assynthesized rod-like AlN nanoparticles. It is found that the rodlike AlN nanoparticles can grow not only on the surface of the equiaxial particles (Fig. 5(a) ), but also on some shells near the eggshell-type hollows (Fig. 5(b) ). The eggshell-type hollows, equiaxial particles and shell are marked as H, P and S in Fig. 5 , respectively. To identify the composition of these substrates, EDX analyses were performed. The results indicate that both of the two substrates are composed of Mg, Al, O and N elements. The formation of these substrates probably arises from the presence of MgO. Figure 6 shows the detail feature of as-synthesized rod-like AlN nanoparticles. They have diameters in the range of 90-300 nm and maximum length about 2 μm, as seen in Fig. 6(a) . It can be observed that most nanorods have apparent round tips which can suggest that they are grown mainly by vapor-liquid-solid (VLS) mechanism. Figures 6(b) and (c) show the EDX results at the trunk of nanorod (marked as A) and its tip, respectively. It can be seen that only the tip has clear peaks for Mg and O impurities. The presence of MgO could promote the growth of AlN nanorods through the formation of liquid droplets which acts as catalyst and initiate the growth process. 24) In order to explain the formation process of rod-like AlN nanoparticles clearly, a growth model is proposed as shown in Fig. 7 . The formation of the nanorods may undergo two basic stages:
During the fast heating stage As shown in Fig. 2 (step (I) ), the combustion temperature dramatically increased up to 1680°C in few seconds, which is higher than the melting point of Al (660°C), and the spinellization temperature of MgAl2O4 (1000°C) and Mg-Al-O-N (~1400°C). 25) , 26) The formation of The eggshell-type hollows, equiaxial particles, and shell are marked as H, P and S, respectively.)
later two phases seems vital in the AlN crystal growth. Generally, the surfaces of Al and AlN particles are coated by native oxide layers because of their oxidizable characteristic. 23),27) As the temperature increases above the melting point of Al particle, its native oxide layer is broken as a result of the tensile stress of increased volume of Al melt. The N2 gas reacts intensely with fresh Al surface (gas-solid reaction) and a stronger AlN crust replaces the native oxide layer. So the liquid Al particle is covered with AlN crust and surrounded by its oxide layer chips. But, the native oxide layer of the AlN diluent particles can be preserved to higher temperature due to their low thermal stress mismatch. At 1000°C, the MgO additive react with both the oxide layer chips of the Al particle and the native oxide layer of the AlN diluent particles to form MgAl2O4 spinel according to the following equation:
The standard Gibbs free energy change for Reaction.(2) at 1000°C was -38.261 kJ/mol, as reported by Dickon et al., 28) which illuminates that MgAl2O4 spinel can be formed at this temperature.
As the temperature further increases, the inner molten Al expands much enough to break the new-formed AlN crust and pours out gradually as Al vapor. The nitridation reaction of Al proceeds in the gas phase between N2(g) and Al(g) (gas-gas reaction). This stage is close to the direct nitridation of Al powder in flowing N2 gas as Radwan reported. 29) At temperature higher than 1400°C, the formed AlN vapor can be directly dissolved into the MgAl2O4 spinel by VS mechanism to formation Mg-Al-O-N spinel.
26) The reaction can be expressed according to the following equation:
Therefore, the Mg-Al-O-N spinel growth-substrates for AlN nanorods are formed both on the surface of AlN diluent powders and native oxide layers of Al particles, as shown in Fig. 5 .
During the long-afterburning stage In the afterburning period, most of the inner molten Al is being vaporized and converted to AlN. The exothermic reaction becomes mild and the heating rate of the combustion reaction is slow. The afterburning period is prolonged and the temperature is kept at high level, as seen by step (II) and (III) in Fig. 2 . Under this condition, some Mg-Al-O-N liquid phase might be formed as confirmed by EDX analyses in Figs. 5 and 6. The melting temperature of the spinel is not higher than that of Mg-Al-O spinel (~2000°C) according to the phase diagram of the system MgO-Al2O3, 30) since the dissolution of nitrogen may lower the melting temperature as in the case of Ca-Si-Al-O-N system. 31) Thus, the Mg-Al-O-N liquid shells or droplets energetically provide favored sites for the absorption of incoming AlN vapor as substrates, resulting in the formation of a solution compound. With the continuing absorption of AlN vapor, the solution compound 
becomes supersaturated. The AlN will then precipitate from the solution, yielding the 1-D AlN nuclei at the low-energy sites, resulting in continuing growth of AlN nanorods covered with the thin Mg-Al-O-N liquid films. Hence, some of the Mg-Al-O-N liquid could be exhausted. And then, the growth of nanorods transforms into VS mechanism. When the temperature decreases lower than the spinellization temperature of Mg-Al-O-N, more AlN vapor cannot be dissolved into the spinel and the growth of AlN nanorods stops. Furthermore, since the Al vapor cannot be transported very far, most of AlN nanorods grew near the flowout of AlN hollow, as shown in Fig. 4(b) .
Conclusion
Novel rod-like AlN nanoparticles were prepared by the nitriding combustion synthesis with the addition of 5 mass% MgO powder. Liquid-like droplets composed of Mg-Al-O-N phase were found at the tips of nanorods which strongly suggested that the nanorods were grown by a vapor-liquid-solid (VLS) mechanism. With continuous covering on the surface of the growing nanorods, the liquid droplets necessary for VLS were exhausted, and the growth mode could change to VS mechanism. A model was presented to describe the nitridation and growth of nanorods.
